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By  considering  the  dynamics  of  a  missile’s  autopilot  as  a  first-order  lag,  a  guidance  law  with  finite  time 
convergence  is  designed  based  on  target-missile  relative  motion  equations.  It  is  rigorously  proved  that 
states  of  the  guidance  system  converge  to  a  sliding-mode  in  finite  time  and  the  line-of-sight  (LOS)  angular 
rate  converges  to  zero  in  finite  time  under  the  proposed  guidance  law.  Simulation  results  show  that  the 
guidance  law  is  robust  against  target  maneuvers  and  is  able  to  compensate  for  the  autopilot  lag. 
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1.  Introduction 

In  the  past,  missiles  gained  the  advantage  over  intercepted  tar¬ 
gets  in  terms  of  speed,  mobility,  and  agility,  and  so  the  propor¬ 
tional  navigation  guidance  law  had  been  widely  used  [16],  Fur¬ 
thermore,  optimal  guidance  laws  were  presented  to  realize  an  in¬ 
terception  with  minimum  energy  or  minimum  time.  For  example, 
minimum  time  intercept  trajectories  for  air-to-air  tactical  missiles 
were  proposed  in  [17]  by  solving  a  two-point  boundary  prob¬ 
lem.  Recently,  to  intercept  targets  with  high  maneuverability,  such 
as  ballistic  missiles,  robust  guidance  laws  have  been  extensively 
studied.  Many  existing  robust  guidance  laws,  such  as  H oo  guid¬ 
ance  law  [18],  L2  gain  guidance  law  [20],  Lyapunov-based  nonlin¬ 
ear  guidance  law  [8],  and  first-order  sliding-mode  guidance  laws 
[19,11]  are  obtained  based  on  Lyapunov  theorems  on  asymptotic 
stability  or  exponential  stability.  They  cannot  guarantee  a  finite 
time  convergence.  The  theoretical  results  only  indicated  that  the 
line-of-sight  (LOS)  angular  rate  under  the  above  guidance  laws 
converges  to  zero  or  a  small  neighborhood  of  zero  as  time  ap¬ 
proaches  infinity.  These  theoretical  findings  are  inconsistent  with 
practical  observations.  In  many  applications,  the  time  of  termi¬ 
nation  is  really  quite  short.  For  example,  in  an  endoatmospheric 
interception  where  a  missile  intercepting  a  ballistic  target,  some¬ 
times,  the  time  of  terminal  guidance  is  only  several  seconds  such 
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that  the  guidance  law  is  required  to  ensure  finite  time  convergence 
of  the  LOS  angular  rate. 

In  recent  years,  the  finite  time  stability  for  feedback  control  sys¬ 
tems  (i.e.,  the  states  of  the  systems  converge  to  their  equilibrium 
point  and  then  stay  there)  has  become  an  active  research  area.  Fi¬ 
nite  time  control,  which  is  related  to  finite  time  stability,  was  first 
proposed  in  [5]  in  1986.  It  has  since  generated  many  research  ac¬ 
tivities  in  the  following  two  decades,  see,  for  example,  [2,9,4,13], 
The  fundamental  tool  for  analyzing  the  finite  time  stability  of  con¬ 
trol  systems  is  the  second  method  of  Lyapunov. 

Guidance  laws  with  finite  time  convergence  were  first  proposed 
based  on  second-order  sliding-mode  controls.  They  are  naturally 
obtained  by  applying  second-order  sliding-mode  controls  to  guid¬ 
ance  law  design  [10],  but  rather  complex  in  structure.  A  guid¬ 
ance  scheme  with  finite  time  convergence  was  proposed  in  [21] 
based  on  Lyapunov  scalar  differential  inequality.  Its  complexity  is 
just  comparable  to  that  of  a  first-order  sliding-mode  guidance  law. 
However,  in  the  design  of  the  first-order  sliding-mode  like  guid¬ 
ance  law  with  finite  time  convergence,  the  missile’s  autopilot  lag 
was  neglected. 

In  practical  applications,  the  autopilot  lag  of  a  homing  missile 
usually  causes  significant  bad  influence  on  the  precision  of  guid¬ 
ance,  especially  in  the  presence  of  target  maneuvers.  Thus,  it  is 
necessary  to  consider  the  autopilot  lag  in  the  design  of  guidance 
laws.  Many  integrated  designs  for  missile  autopilot  and  guidance 
law  have  been  proposed  based  on  optimal  control  [14,1],  Lyapunov 
stability  theorem  [12,3],  and  sliding-mode  control  [15,6,7],  How¬ 
ever,  no  results  have  been  found  about  integrating  the  first-order 
sliding-mode  like  guidance  law  with  finite  time  convergence  with 
the  autopilot  design. 

In  this  paper,  the  Lyapunov  scalar  differential  inequality  and 
the  non-singular  terminal  sliding-mode  control  method  [4]  are 
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Fig.l.  Planar: 


employed  to  design  a  finite  time  convergent  guidance  law  ac¬ 
counting  for  the  missile’s  autopilot  lag.  The  guidance  law  is  still 
like  a  first-order  sliding-mode  guidance  law  in  structure  and  so  it 
is  simpler  than  the  integrated  design  with  second-order  sliding¬ 
mode  control.  In  Section  2,  the  equations  of  a  planar  relative 
motion  are  integrated  with  an  equation  representing  the  missile’s 
autopilot  lag.  Design  methods  for  guidance  laws  with  finite  time 
convergence  will  be  obtained  in  Section  3.  Simulation  results  are 
provided  in  Section  4  to  verify  the  effectiveness  of  the  proposed 
guidance  law.  Some  concluding  remarks  are  made  in  Section  5. 

2.  Formulation  of  missile-target  engagement 


It  is  obvious  from  Eq.  (6)  that 

ClTq  =a Mq+  (OgX  1  +  X2)  (8) 

°g 

Differentiating  Eq.  (6)  with  respect  to  time,  it  follows  from  Eqs.  (5) 
and  (8)  that 

x 2  =  A\X\  +  A2x 2  +  bu  -  baMq  +  f  (9) 

where 


&  =  /  =  bgClTq  (10) 

Transform  Eqs.  (6)  and  (9)  into  the  following  state-space  form: 


In  Eq.  (11),  /  is  viewed  as  a  bounded  external  disturbance,  i.e., 
|| /||  <  A,  where  A  =  const.  >  0. 


In  order  to  simplify  the  equations  of  the  pursuit  situation,  it 
is  assumed  that  the  missile  and  the  target  are  point  masses  mov¬ 
ing  in  plane.  Then,  the  missile-target  engagement  model  shown 
in  Fig.  1  can  be  described  by  the  following  nonlinear  differential 
equations: 

R  =  VT  cos(q  -  <pr)  -  VM  cos(q  -  <pM)  (1) 

Rq  =  -VTs'm(q-(pT)  +  VMsin(q-(pM)  (2) 

where  R  represents  the  target-missile  relative  range;  Vj  and  Vm 
denote  the  velocities  of  the  target  and  missile,  respectively:  q  de¬ 
notes  the  LOS  angle;  and  tpj  and  <pu  represent  the  flight  path 
angles  of  the  target  and  missile,  respectively. 

Differentiating  Eqs.  (1)  and  (2)  with  respect  to  time  yields 


R  =  Rq2  +aTR-aMR  (3) 

2R.  1  1 

Q  =  —^Q+jaTq-jaMq  (4) 


where,  Otr  and  omr  denote  the  accelerations  of  the  target  and 
missile  along  the  LOS,  respectively;  Orq  and  aMq  denote  the  accel¬ 
erations  of  the  target  and  missile  normal  to  the  LOS,  respectively. 
Usually,  in  the  process  of  terminal  guidance,  only  the  acceleration 
normal  to  missile’s  velocity  can  be  adjusted  and  so  we  just  discuss 
the  relative  motion  normal  to  the  LOS.  Under  an  assumption  that 
the  rate  of  relative  range  R  is  negative,  the  objective  for  the  design 
of  a  guidance  law  is  to  find  a  control  variable  aMq  such  that  q  is 
nullified. 

In  addition,  we  assume  that  the  dynamics  of  the  missile  au¬ 
topilot  can  be  approximately  described  by  the  following  first-order 
term; 


aMq  =  — aMq  +  -U  (5) 

where  r  is  the  time  constant  of  the  autopilot,  and  u  is  the  com¬ 
mand  to  the  autopilot. 

Let  Xi  =  q  and  x2  —  Xi .  Substituting  them  into  Eq.  (4)  gives 


3.  Guidance  law  with  finite-time  convergence  accounting  for 
autopilot  lag 

3.1.  Finite-time  stability  of  nonlinear  systems 

In  order  to  design  a  finite-time  convergent  guidance  law,  some 
results  about  finite-time  stability  of  nonlinear  systems  [21]  are  in¬ 
troduced  here. 

Definition.  Consider  a  nonlinear  system  in  the  form  of 

X=f(X,t),  f(0,t)  =  0,  xeRn  (12) 

where  / :  Uo  x  R  ->  Rn  is  continuous  on  U o  x  R,  and  U o  is  an  open 
neighborhood  of  the  origin  x  =  0.  The  state  of  the  system  is  said 
to  converge  to  its  local  equilibrium  x  —  0  in  finite  time,  if  for  any 
given  initial  time  t0  and  initial  state  x(to)  =Xo  e  U,  there  exists 
a  settling  time  T  >  0,  which  is  dependent  on  xo,  such  that  every 
solution  of  the  system  (12),  x(t)  =  v(t;  to,  Xo)  e  U /{0},  satisfies 

ilinit-j-Tfxo)  v(t;  t0,  x0)  =  0,  te[t0,T(xo)) 
v(t;t0,x0)  =  0,  t>T(x0 )  ' 

Moreover,  if  the  system  equilibrium  x  =  0  (local)  is  Lyapunov  stable 
and  is  finite-time  convergent  in  a  neighborhood  of  the  origin  U  c 
Uo,  then  the  system  equilibrium  is  called  finite-time  stable.  If  U  = 
Rn,  then  the  origin  is  a  global  finite-time  stable  equilibrium. 

The  following  lemma  [21]  will  prove  useful  in  the  design  of 
guidance  law. 

Lemma  1.  Consider  the  nonlinear  system  described  by  Eq.  (12).  Suppose 
that  there  is  a  C1  ( continuously  differentiable )  function  V  (x,  t)  defined 
in  a  neighborhood  U  c  Rn  of  the  origin,  and  that  there  are  real  numbers 
a  >  0  and  0  <  X.  <  1,  such  that  V  (x,  t)  is  positive-definite  on  U  and  that 
V(x,  t)  +  aVx(x,  t)  <  0  on  U.  Then,  the  zero  solution  of  system  (12)  is 
finite-time  stable. 


X2  =  —ClgX  i  —  bgOMq  +  bgUjq 


Remark  1.  Note  that  if  U  =  Rn  and  V  (x,  t)  is  radially  unbounded, 
then  the  origin  is  globally  finite-time  stable. 


where 
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3.2.  Finite-time  convergent  guidance  law  with  autopilot  lag 

For  the  time-varying  guidance  system  (11),  a  terminal  sliding 
variable  is  described  by  the  following  equation 


Let  tr i  denote  the  time  of  the  system  states  reaching  the  sliding 
mode  S  —  0.  The  corresponding  system  states  are  represented  by 
Xi(tri)  and  X2  (tri  )■  In  the  sliding  mode  S  =  0,  the  following  equa¬ 
tion  is  satisfied: 


S=Xi+/exfJ  (14) 

where  p  is  a  positive  constant  and  p  and  q  are  positive  odd  inte¬ 
gers. 

We  obtain  the  results  presented  in  the  following  theorem. 


XX+fi4/q  =  0 

Construct  a  Lyapunov  function 

v2=xi 


(23) 

(24) 


Theorem  1  .For  the  guidance  system  (11)  with  the  sliding  variable  (14), 
if  the  guidance  law  is  designed  as 

~Mx i  -  A2x2  +  baMq  -  i  l x2~p,q  -  s  sgns 
u= - — ^ -  (15) 

where  e  =  A  +  rj,  p  >  0,  /)>  0,  and  1  <  p/q  <2,  then  the  system  states 
reach  the  sliding  mode  S  —  0  infinite  time.  Furthermore,  the  LOS  angular 
rate  x,  and  its  derivative  x2  converge  to  zero  in  finite  time. 

Proof.  At  the  initial  time  t  =  0,  the  initial  values  of  the  system 
states  are  denoted  as  R o,  Rq,  Xio,  and  X20.  At  time  t,  they  are  de¬ 
noted  as  R(t),  R(t ),  Xi(t),  and  X2(t). 

Differentiating  Eq.  (14)  with  respective  to  time  gives 


Differentiating  V2  along  the  trajectory  of  Eq.  (23)  results  in 

V2  =  ~2  x,-^xq/p  =  -yV$  (25) 

where  y  =  2/pq/p,  X  —  ( q/p  +  l)/2.  By  Lemma  1,  the  guidance 
system  states  Xi  and  X2  converge  to  zero  in  finite  time  and  the 
settling  time  is  tr2  +  tri ,  where  tr2  is  given  by 


^2  (frt)1-^ 

y(  1  — 


Si*.r 


□ 


(26) 


It  should  be  noted  that  the  proposed  guidance  law  (15)  is  non¬ 
singular  if  1  <  p/q  <  2.  In  practical  applications,  the  rate  of  relative 
range  R  can  be  approximately  viewed  as  a  constant,  i.e., 


S=xl+pP-xp2/q  lk2 
Q 

=  x2  +  p  ^x2/q~x  (A1X1  +  A2X2  +  bu  -  baMq  +  f) 

=  P^x%/q-\f -esgns)  (16) 

Define  a  Lyapunov  function 

Vi=S2  (17) 

The  derivative  of  Vi  along  the  trajectories  of  Eq.  (16)  satisfies 
V,=2p^xp2/q-\fS-e\S\)^-2prl^xp2/q-1\S\  (18) 

Since  p  and  q  are  positive  odd  integers  and  1  <  p/q  <2,  there 
is  x^?  "*  >  0  for  X2  ^  0.  Let  p(x2)  =  2pq{p/q)x^qX ,  then  there 
are  p{x2)  >  0  and  V\  ^  — p(X2)|S|  when  X2  7^  0.  Thus,  the  system 
satisfies  the  Lyapunov  stability  theory. 

Substituting  Eq.  (15)  into  Eq.  (11)  gives 

x2  =  -4i^-p/9  +  /-(A  +  t7)sgnS  (19) 

P  P 

When  x2  —  0,  Eq.  (19)  can  be  written  as 

x2  =  /-(A  +  ?7)sgnS  (20) 

It  is  clear  from  Eq.  (20)  that  x2  <  —  q  when  S  >  0  while  x2^rj 
when  S  <  0.  In  the  guidance  system,  if  S  ±  0,  then  according  to 
Eq.  (20)  it  holds  that  X2  #  0  and  there  exists  a  small  positive 
constant  a  such  that  a  <  |X2|.  Thus,  the  following  inequality  is 
satisfied: 


R  =  —c,  R  =  0,  c=  const.  >  0  (27) 

Combining  Eqs.  (7)  and  (27)  leads  to 

-2c  1  .  -2c2  ■  c 

gR  g  R  g  0  *  g  R2  K  ‘ 

It  follows  from  Eqs.  (28)  and  (10)  that 

At=0,  >12  =  *  b  =  -±  (29) 

Then,  substituting  Eq.  (29)  into  the  guidance  law  (15)  gives 
u  =  3crx2  +  aMq  +  Rr  ^  ^ x2p/q  +  Rrs  sgn  S  (30) 

For  convenience,  in  the  following  discussions  the  guidance 
law  (30)  is  called  a  finite  time  convergent  guidance  law  with  au¬ 
topilot  lag  (FTCGAL). 

The  FTCGAL  is  a  non-smooth  controller  which  guarantees  fast 
convergence  and  robustness  of  the  guidance  system.  It  involves 
a  signum  function,  indicating  that  the  control  variable  sometimes 
switch.  In  a  practical  system,  the  switching  cannot  be  completely 
instantaneous.  The  delay  of  switching  induces  the  chattering  effect. 
To  remove  the  chattering,  the  signum  function  can  be  smoothened, 
usually  replaced  with  a  saturation  function  sat^(x),  which  is  ex¬ 
pressed  as 

II,  S  >  S 

S/S,  |S|<a  (31) 

-1,  S<-8 

where  S  is  a  small  positive  constant. 


p(x2)  >  2/6^ctP/,i-1  (21) 

Q 

By  Lemma  1  and  Eqs.  (18)  and  (21),  the  system  states  reach  the 
sliding  mode  S  =  0  in  finite  time  and  the  settling  time  is  given  by 


tri  ^ 


|5(0)| 

ptfcrP/*-' 


where  S(0)  =  Xio  +  Px2Qq. 


(22) 


3.3.  Finite-time  convergent  guidance  law  with  autopilot  lag  in 
three-dimensional  model 

Consider  the  spherical  LOS  coordinates  (R,0,<£)  with  origin 
fixed  at  the  missile’s  gravity  center.  Let  (e/?,  eg,  e^)  be  the  unit 
vectors  along  the  coordinate  axes  (see  Fig.  2).  By  virtue  of  the  prin¬ 
ciples  of  kinematics,  the  three  relative  acceleration  components 
(Or,  ae.a^)  can  be  expressed  by  the  following  set  of  second-order 
nonlinear  differential  equations  [21]: 
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Fig.  2.  Three-dimensional  interception  geometry. 


R  -  R<p2  -  R62  cos2  0  =  Otr  -  aMR  =  a«  (32a) 

RO  cos  <p  +  2R0cos0  -  2 R<j>6  sin  0  =  079  -  awe  =  a#  (32b) 

R0  +  2R0  +  RQ2  sin 0  cos  0  =  074,  -  aM</>  =  a,/.  (32c) 

In  the  process  of  terminal  guidance,  only  the  acceleration  nor¬ 
mal  to  missile’s  velocity  can  be  adjusted  and  so  we  just  discuss 
the  relative  motion  normal  to  the  LOS.  The  purpose  of  designing 
a  guidance  law  is  to  nullify  the  LOS  angular  rates  6  and  0.  When 
0  is  also  a  small  variable,  it  gives  cos0  ^  1,  the  decoupled  three- 
dimensional  LOS  angular  motion  is  equivalent  to  two  planar  LOS 
angular  motions.  The  autopilot  lag  can  be  usually  described  by  the 
following  first-order  differential  equations: 


=  — aMg  +  -ui  (33a) 

r  r 

aM^.  =  -^flM0  +  ^U2  (33b) 


By  virtue  of  the  results  obtained  in  Section  3.2,  then  the  two 
planar  finite-time  convergent  guidance  laws  with  autopilot  lag  can 
be  designed  as 


u  1  =  3cx0  +  aMe  +  Rr\-92  p/q  +  Rrei  sat3(Si) 

P  P 

u2  =  3cr$  +  aM<i>  +  Rr--4>2^p/q +  Rrs2sats(S2)  (34) 

P  P 

where  Si  =  6  +  f)6p/q  and  S2  =  0  +  P$ptq. 


4.  Numerical  simulations 

Define  an  inertial  reference  coordinate  system  which  is  paral¬ 
lel  to  the  coordinate  system,  MXYZ,  as  shown  in  Fig.  2.  This  system 
is  inertially  fixed  and  is  centered  at  launch  site  at  the  instant  of 
the  launch.  In  this  system,  the  X-axis  is  taken  to  be  in  the  hori¬ 
zontal  plane  and  in  the  direction  of  the  launch,  the  positive  Z-axis 
is  in  the  vertical  plane,  and  the  Y-axis  is  chosen  in  such  a  way 
that  the  coordinate  system  forms  a  right-handed  coordinate  sys¬ 
tem.  The  interceptor’s  initial  position  coordinates  are  xmo  =  0  m, 
yM0  —  0  m,  and  Zmo  =  0  m.  Its  initial  velocity  is  1/mo  =  1500  m/s 
and  its  initial  flight  path  and  heading  angles  are  (puo  =  30°  and 
0MO  =  0°  respectively.  The  target’s  initial  position  coordinates  are 
Xto  =  16  km,  yT0  —  10.4  km,  and  Zjq  =  6  km.  Its  initial  velocity  is 
1/to  =  1000  m/s  and  its  initial  flight  path  and  heading  angles  are 
(Pto  ~  -15°  and  0ro  =  145°,  respectively. 

In  consideration  of  practical  aerodynamic  parameters,  the  mis¬ 
sile’s  autopilot  is  designed  around  some  typical  points  on  an  ideal 
flight  trajectory.  On  each  typical  point,  a  controller  is  designed  for 
a  group  of  given  aerodynamic  parameters  with  classical  frequency 
domain  method.  In  both  the  elevation  loop  and  the  azimuth  loop, 
the  missile’s  control  system  consists  of  an  inner  loop  feedback 
by  the  missile  body’s  angular  rate  and  an  outer  loop  feedback  by 
the  missile’s  normal  acceleration.  Although  this  practical  autopilot 


Table  1 

Summary  of  miss  distances. 

Guidance  law  Miss  distance,  m 

ASMG  1.05 

FTCG  0.82 

FTCGAL  0.01 


is  a  higher  order  element,  in  the  guidance  law  design  it  is  ap¬ 
proximately  thought  as  a  first-order  lag.  The  following  simulation 
results  will  prove  that  such  an  approximation  is  reasonable.  In  the 
terminal  guidance  process,  the  fuel  of  engine  has  been  burnt  out 
and  so  there  is  no  thrust  in  the  simulation. 

As  t  <  5  s,  the  target  acceleration  in  the  elevation  loop  is  set 
to  be  070  =  —  20g  and  that  in  the  azimuth  loop  is  set  to  be  are  = 
20 g.  As  t  /  5  s,  they  are  set  to  be  a 70  =  20g  and  are  =  —20 g, 
respectively.  The  maximum  acceleration  of  the  missile  is  40g.  The 
sampling  period  of  the  missile’s  autopilot  is  2.5  ms  and  that  of  the 
target  seeker  is  20  ms. 

It  was  shown  that  the  proportional  navigation  guidance  law 
gives  rise  to  a  large  miss  distance  under  the  above  conditions  [21], 
To  verify  the  effectiveness  of  the  FTCGAL,  the  adaptive  sliding¬ 
mode  guidance  law  (ASMG)  [19]  and  the  finite-time  convergent 
guidance  law  (FTCG)  [21]  are  also  simulated  under  the  same 
conditions.  The  ASMG  and  FTCG  are  expressed  as  Ui  =  5|R|0  + 
200 sats(0),  u2  =  5|R|0  +  2OOsat3(0)  and  u i  =  5|R|0  +  aTe  + 
1O|0|01  sgm9,  u2  =  5|R|0+a70  +  1OI0I0-1  sgn0,  respectively,  where 
are,  2t0  denote  an  estimate  of  the  target  acceleration.  In  the 
FTCGAL,  the  parameters  are  set  to  be  ft  =  2,  p  =  7,  q  =  5,  e  =  0.02, 
S  —  0.001  and  x  =  0.1.  In  both  the  elevation  loop  and  the  azimuth 
loop,  the  same  guidance  laws  are  employed. 

Table  1  summarizes  the  miss  distances  resulted  from  the  differ¬ 
ent  guidance  laws.  The  sliding  variable  is  plotted  in  Fig.  3.  Since 
the  simulation  results  in  the  elevation  loop  and  those  in  the  az¬ 
imuth  loop  are  similar.  In  the  following  cases,  only  the  results  in 
the  elevation  loop  are  plotted.  The  LOS  angular  rate,  the  LOS  an¬ 
gular  acceleration,  the  acceleration  command,  the  angle  of  attack 
and  the  elevator  deflection  angle  are  plotted  in  Figs.  4  through  8, 
respectively. 

Fig.  3  indicates  that  the  under  the  FTCGAL  the  terminal  slid¬ 
ing  variable  converges  to  a  small  neighborhood  of  sliding-mode 
in  finite  time  even  while  encountering  strong  target  maneuvers. 
Figs.  4  and  5  illustrate  that  under  the  FTCGAL  the  LOS  angular  rate 
and  the  LOS  angular  acceleration  also  converge  to  zero  in  finite 
time  along  with  the  system  states  converging  to  the  sliding  mode 
S  —  0.  Fig.  6  illustrates  that  under  the  FTCGAL  the  missile's  accel¬ 
eration  command  converges  to  the  target  acceleration  along  with 
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Fig.  4.  The  LOS  angular  rate  in  elevation  loop. 


Fig.  6.  The  acceleration  command  in  elevation  loop. 


the  convergences  of  the  LOS  angular  rate  and  angular  acceleration. 
Figs.  7  and  8  show  the  variations  of  angle  of  attack  and  that  of 
the  elevator  deflection  angle,  respectively.  At  t  =  5,  the  target  ac¬ 
celerations  change  their  signs  abruptly  in  both  the  elevation  loop 
and  azimuth  loop.  Due  to  the  lag  of  autopilot,  the  change  of  di¬ 
rections  of  the  missile's  normal  accelerations  cannot  be  so  sharp 
(see  Fig.  6)  that  the  sliding  variables  and  the  LOS  accelerations 
are  suddenly  increased  (see  Figs.  3  and  5)  and  the  LOS  rates  are 
gradually  increased  (see  Fig.  4).  However,  in  the  succeeding  sev- 


Fig.  7.  The  angle  of  attack. 


Time(s) 


Fig.  8.  The  elevator  deflection  angle. 

eral  seconds,  the  sliding  variables  under  the  FTCGAL  converge  to 
the  sliding  mode  S  =  0  in  finite  time  again  (see  Fig.  3).  In  mean¬ 
while,  the  LOS  angular  rate  and  angular  acceleration  converge  to 
zero  in  finite  time  (see  Figs.  4  and  5)  and  the  missile  accelerations 
converge  to  the  target  accelerations  (see  Fig.  6).  Even  though  the 
variables  are  divergent  at  the  last  instant  of  interception,  the  guid¬ 
ance  accuracy  can  be  ensured.  The  above  results  indicate  that  the 
FTCGAL  has  effectively  compensated  for  the  influence  of  autopilot 
lag. 

It  was  also  shown  in  Figs.  4  through  8  that  due  to  the  bad  in¬ 
fluence  of  the  autopilot  lag,  under  both  the  ASMG  and  the  FTCG, 
the  guidance  system  is  not  suitable  for  the  target  maneuver  such 
that  the  LOS  angular  rates  and  angular  accelerations  diverge  ear¬ 
lier  and  then  larger  miss  distances  are  yielded  (see  Table  1 ).  Thus, 
in  the  presence  of  autopilot  lag,  the  ASMG  and  the  FTCG  cannot 
ensure  a  high  guidance  precision. 

5.  Conclusions 

The  first-order  sliding-mode  like  guidance  law  with  finite-time 
convergence  is  extended  to  the  case  of  considering  the  dynam¬ 
ics  of  missile  autopilot.  By  describing  the  autopilot  dynamics  as  a 
first-order  lag,  a  finite  time  convergent  guidance  law  with  compen¬ 
sation  for  the  autopilot  lag  is  designed.  In  practical  applications, 
even  though  the  autopilot  is  not  an  ideal  first-order  lag,  the  guid¬ 
ance  law  still  performs  well.  It  guides  the  system  states  to  the 
sliding-mode  in  finite  time  and  then  guides  the  LOS  angular  rate  to 
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zero  in  finite  time  in  the  presence  of  target  maneuvers.  The  guid¬ 
ance  law  is  able  to  provide  a  high  guidance  precision  in  short  time 
terminations. 
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